I  nppnoT  nncUMENTATION  PAGE 

it  It  A  io  wmnk  1  nMmmpom*.  9ksui^ 

JLa  I  ^W\£^  4  ih>OdttuhjiiqHrtuwi<<tWta<^co»mni  »I*<*Q 

^nkbW~  WOmO  vtoH.OMorMlaiMorinMerOp«tttDf«««A«> 


Form  Appmvtd 
OBM  No.  0.^04.0188 


MttmM Id iwa^ll  doid Pdf  <d<pcndd.  w» dw >o>  Pdwwdng  mmjcdar*.  dddnWnB  nw<m dd’d wlMiCdd.  ind^ 

lh«M«njlfc]iidt>*mnl>«.»d>idedw»»t<imiH>niMi»u«»«'e«<r>o«h«il»d>«niillnldMfci:*»»ic<Wipn«'qi.Kt<i»»i* 
»*»».0>dcicd— lnXidiniitw  OpdfidMdndWwem.  tii5.i«<nwiOd««»iiigh—f.  »«j««  igo<  ■  v«r-;T.*‘  '  >  « 

dot  PratM  lanMOiM).  w«:*<gKdi.  cx:  »Ji». 


3.  Rspoft  Typ*  and  Data*  Covarad. 
Final  -  Proceedings 


8. 

Brenda  Little  ai'U  Patricia  Wagner 

ws 

7.  Performing  Organization  Nama(i)  and  Addraaa(aa). 
Naval  Research  Laboratory 
Operations.  Research,  and  Strategic  Planning 
Stennis  Space  Center.  MS  39S29-S004 


9.  Sponaoring/Monitoring  Agency  Nains(a)  artd  Addrata<ea). 
Naval  Research  Laboratory 
'’'ceanooraptiv  {’  vision 
'■'tennis  Space  Cooler,  MS  39529-5004 


S.  Funding  Numbere 

Pnjgmm  Mo. 

0<i0)f53N 

PrvfitctMo. 

03103 

TtskNo. 

320 

Ai5C#S#W»Ato 

DN094483 

Wortt  UntNe 

I3332A 

10.  Sponaorlng/Monltoflng  Agency 
Report  Number. 

PR  92:074:333 


It.  Supplementary  Notaa. 

Published  in  Mat.  Res.  Soc.  Symp. 


tZa.  DIaIrfbutloiVAvallabllltyStalefflanl. 

Approved  (or  public  release;  distribution  is  unlimited. 


12b.  DIalrlbuUon  Code. 


13.  Abstract  rMazvni.’/o  XO  wofds) 

The  study  ol  nitcrobiologically  inlluenced  ccrrosion  (MIC)  has  progressed  Irom  phenomenological  case  histones  to  a  mature 
interdisciplinary  science  including  electrochemical,  metallurgical,  surface  analytical,  microbiofog’cal.  bbfecfinologicat  and 
biophysical  techniques.  With  gone  probes  and  microeleclrtjdes  it  is  now  possible  to  measure  interfacial  dissolved  oxygen, 
dissolved  sulfida  and  pH  arxl  to  further  determine  the  microbial  species  responsible  for  the  localized  chemistry.  Biofilms  can  be 
tailored  to  contain  consortia  ol  specific  microorganisms  and  naturally  occurring  biolilms  can  be  dissected  into  cellular  and 
extracellular  constituents.  Scanning  vibrating  electrodes  can  be  used  to  map  the  distribution  ol  anodes  and  cathodes  so  that 
localized  corrosion  can  be  correlated  with  the  location  ol  microorganisms.  The  developmeni  ol  environmental  scanning  electron, 
atomic  force,  and  laser  conlocal  microscopy  makes  it  possible  to  image  cells  on  surfaces  and  to  accurately  determine  the  spatial 
relationship  between  mcroorganisms  and  corrosion.  Transport  of  nutrients  through  bioftlms  is  being  modeled  using  techniques 
including  optical  density  measurements  to  precisely  locate  the  waler/bioltlm  interface  and  nuclear  magnetic  resonance  imaging 
to  visualize  flow  characteristics  near  surfaces  colonized  with  microorganisms.  The  way  in  which  these  new  techniques  can  be 
used  to  understand  fundamental  mechanisms  and  to  discriminate  critical  issues  of  MIC  will  be  discussed. 


14.  Subfeet  Terms. 

Biolouiing,  corrosion,  brodeterioration,  electrochemistry 

17.  SeeurttyCfassiflcellon 

11.  Seeurfty  aasefflcallon 

19.  Security  CleeeifleaUon 

ol  Report 

ol  This  Page 

ol  Abilrsct 

Unclassified 

Unclassified 

Unclassified 

16.  Price  Code. 


20.  UmHallon  of  Abe  beet. 


SI«i6er<tfonn29S(fl*y  2  S9) 
PiMcrliMbr  ANSI  SM.  Z3S.ii 
mstai 


MSN  754001  2SPSS00 


343 


RECENT  ADVANCES  IN  THE  STUDY  OF 
MICROBIOLOGICALLY  INFLUENCED  CORROSION 

BRENDA  LrTLE  AND  PATRICIA  WAGNER 

Naval  Research  Laboratory 
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ABSTRACT 

The  study  of  microbiologically  influenced  corrosion  (MIC)  has  progressed  from 
phenomenological  case  histories  to  a  mature  interdisciplinary  science  including  electro¬ 
chemical,  metallurgical,  surface  analytical,  microbiological,  biotechnological  and 
biophysical  techniques.  With  gene  probes  and  microelectrodes  it  is  now  possible  to 
measure  interfacial  dissolved  oxygen,  dissolved  sulfide  and  pH  and  to  further  determine 
the  microbial  species  responsible  for  the  localized  chemistry.  Biofilms  can  be  tailored 
to  contain  consortia  of  specific  microorganisms  and  naturally  occurring  biofilms  can  be 
dissected  into  cellular  and  extracellular  constituents.  Scanning  vibrating  electrodes  can 
be  used  to  map  the  distribution  of  anodes  and  cathodes  so  that  localized  corrosion 
can  be  correlated  with  the  location  of  microorganisms.  The  development  of  environ¬ 
mental  scanning  electron,  atomic  force,  and  laser  confocal  microscopy  makes  it  possible 
to  image  cells  on  surfaces  and  to  accurately  determine  the  spatial  relationship  between 
microorganisms  and  corrosion.  Transport  of  nutrients  through  biofilms  is  being  modeled 
using  techniques  including  optical  density  measurements  to  precisely  locale  the  water/ 
biofilm  interface  and  nuclear  magnetic  resonance  imaging  to  visualize  flow  characteristics 
near  surfaces  colonized  with  microorganisms.  The  ways  in  which  these  new  techniques 
can  be  used  to  understand  fundamental  mechanisms  and  to  discriminate  critical  issues 
of  MIC  will  be  discussed. 

Introduction 

Corrosion  associated  with  microorganisms  has  been  recognized  for  over  50  years,  yet 
the  study  of  MIC  is  a  relatively  new,  multidisciplinary  field  (1,  2J.  Several  traditionally 
disparate  disciplines  have  been  combined  to  elucidate  the  complexities  of  microbial 
interactions  with  metal  substrata.  Some  of  the  most  important  developments  in  MIC 
research  have  resulted  from  nondestructive  surface  analytical  and  electrochemical  methods 
to  characterize  biofilms  and  electrochemical  reactions. 

Techniques  for  Determining  Cellular  Constituents  Within  Biofilms 

Culture  techniques 

For  many  years,  the  standard  for  evaluating  MIC  has  been  the  enumeration  of  sulfate- 
reducing  bacteria  (SRB),  either  in  bulk  liquids  or  in  surface  deposits,  using  a  liquid 
medium  with  sodium  lactate  as  the  carbon  source  [3,  4],  When  SRB  are  present  in  the 
sample,  sulfate  is  reduced  to  sulfide,  which  reacts  with  iron  in  solution  to  produce  black 
ferrous  sulfide.  Blackening  of  the  medium  over  a  28-day  period  signals  the  presence  of 
SRB.  Usually,  1  ml  samples  are  injected  by  syringe  into  media  bottles  for  1 0-fold 
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dilutions.  It  i.s  assumed  that  only  a  single  living  bacterium  is  leijuiied  io  blacken  a 
bottle.  The  simplest  interpretation  of  test  results  is  to  consider  that  if  one  bottle  is 
blackened,  the  sample  contained  at  least  one  organism;  if  two  bottles  are  blackened,  the 
sample  contained  10  organisms;  three  bottles.  100  organisms  and  so  on.  .Solid  media  can 
al.so  be  used  [5].  Agar  slants  can  be  inoculated  by  dipping  a  pipe  cleaner  into  a  liquid 
sample  and  inserting  it  into  a  .single  vial  of  solid  or  semisolid  agar.  Mineral  oil  and  a 
CO;-generating  tablet  are  usually  added  to  exclude  oxygen  and  the  vial  is  capped, 
incubated  for  5  days,  and  checked  daily  for  blackening. 

The  distinct  advantage  of  cut  aring  techniques  is  that  they  are  extremely  sensitive. 
Low  numbers  of  SRB  grow  to  easily  detectable  higher  numbers  in  the  proper  culture 
medium.  However,  growth  media  lend  to  be  strain-specific,  f-'or  example,  taciale-hascd 
media  sustain  the  growth  of  lactate  oxidizers  but  not  acclatc-oxidizing  bacteria.  Incubating 
at  one  temperature  i.s  further  selective.  Culturing  methods  using  agar  media  cannot 
distinguish  between  a  single  SRB  cell  and  a  clump  of  SRB  cells  (.Sj  The  present  trend 
in  culture  techniques  is  to  attempt  to  culture  several  physiological  groups  including 
aerobic,  heterophic  bacteria;  facultative  anaerobic  bacteria;  and  acid-producing  bacteria 
in  addition  to  sulfaic-reducing  bacteria  (6).  A  coiviplex  SRB  medium  has  been  devel¬ 
oped.  containing  multiple  carbon  sources  that  can  be  degraded  to  both  acetate  and 
lactate.  In  recent  comparison  tests,  the  complex  medium  produced  higher  counts  of  SRB 
in  naturally  produced  waters  and  in  surface  deposits  among  five  commercially  available 
media  [7]. 

Biochemical  Assays 

Biochemical  assays  have  been  developed  for  the  detection  of  specific  microorganisms 
associated  with  MIC.  Unlike  culturing  techniques,  biochemical  assays  for  detecting  and 
quantifying  bacteria  do  not  require  growth  of  the  bacteria.  Instead,  biochemical  assays 
measure  constitutive  properties  including  adenosine  triphosphate  (ATP)  IH],  phospholipid 
fatty  acids  (PLFA)  (2).  cell-bound  antibodies  |9,  10],  and  DNA  III).  Ad'nosinc- 
5'-phosphosulfale  (APS)  reductase  fS].  hydrogenase  [12].  and  radiorespir  imciric 
measurements  have  been  used  to  estimate  SRB  populations  and  activity  |1.7,  14|. 

ATP  assays  estimate  the  total  number  of  viable  organisms  by  measuring  the  i  mouni 
of  adenosine  triphosphate  in  a  sample.  ATP  is  a  compound  found  in  all  living  matter. 
The  procedure  requires  that  a  water  sample  be  filtered  to  remove  solids  and  sal'"  t-b.")! 
may  interfere  with  the  test.  The  filtered  sample  is  added  to  a  reagent  that  releases  cell 
ATP.  An  enzyme  then  reacts  with  the  ATP  to  produce  a  photochemical  reaction.  Lmilted 
light  can  be  measured  with  a  photometer  and  the  number  of  bacterial  cells  is  estimated 
from  the  total  light  emitted. 

Biofilm  community  structure  can  be  analyzed  through  cluster  analysis  of  the  phos¬ 
pholipid  fatty  acid  profiles  [k|.  PLFA  profiles  for  natural  biofilms  have  been  shown  to 
be  more  complex  than  profiles  for  laboratory  biofilms.  None  of  the  laboratory  profiles 
clustered  closely  with  profiles  from  natural  biofilms.  In  addition,  the  PLFA  profiles  for 
attached  bacteria  clustered  separately  from  profiles  of  the  same  bacteria  in  the  hulk 
phase,  suggesting  that  either  the  community  or  the  physiology  of  attached  bacteria 
differ  from  that  of  bulk  phase  bacteria. 

Immunofluorescence  techniques  have  been  developed  for  the  identification  of  specific 
bacteria  in  biofilms  [15.  16).  Epifluorcsccnce  cell  surface  antibody  (EC.SA)  methods  for 
detecting  SRB  are  particularly  well-developed  and  arc  based  on  the  use  and  subsequent 
detection  of  specific  antibodies,  produced  in  rabbits,  that  react  with  SRB  cells  |9,  lOj. 
A  secondary  antibody,  produced  in  goals.  i,s  then  reacted  with  the  primary  rabbit  anti¬ 
bodies  bound  to  the  SRB  cells.  In  some  cases,  goat  antibodies  are  linked  to  a  fluorochrome 


that  enables  bacterial  cells  marked  will,  the  secondary  antibody  to  he  viewed  with 
an  epifluorescence  microscope.  In  other  ca.ses.  goat  antibodies  are  conjugated  with  an 
enzyme  (alkaline  phosphatase)  that  can  then  be  reacted  with  a  colorless  substrate  to 
produce  a  visible  color  proportional  to  the  quantity  of  SRB  present.  The  detection  liniiis 
for  the  field  test  are  10,000  SRB  per  ml.  The  color  reagent  used  for  the  field  tests  is 
unstable  at  room  temperature  and  the  color  reagent  tends  to  bind  nonspecifically  with 
antibodies  adsorbed  directly  at  active  sites  on  the  filter,  creating  a  false  positive  that 
may  interfere  with  the  detection  of  SRB  at  levels  below  10.000  cells  per  ml.  Antigenic 
structures  of  marine  and  terrestrial  strains  are  distinctly  different  and  therefore  antibodies 
to  either  strain  did  not  react  with  the  other.  Funhermore,  SRB  antibodies  did  not  react 
with  non-SRB  hacleria.  The  developers  report  a  poor  response  of  rabbit  antibodies 
developed  from  pure  SRB  ciiliure.s  to  mixed  populations  [10).  Rabbit  SRB  anti¬ 
bodies  generated  from  fresh  SRB  strains  frinn  Prudhoc  Bay,  Alaska,  as  well  as  terrestrial 
and  marine  locations,  were  found  to  react  better  with  SRB  from  natural  sources.  It  is 
possible  to  differentiate  individual  species  within  a  biofilm  by  reading  them  with 
monoclonal  antibodies  specific  to  outer  cell  membrane  antigens.  Hogan  has  described 
a  nonisotopic  semiquantitative  procedure  for  the  detection  of  Dc.sulfohacierium  and 
Desulfoiomaculum.  using  DNA  probes  labeled  with  an  acridiniiim  csler  that  is  sensitive 
to  10^  organisms  per  ml  [it]. 

Direct  :vio!cc:;Icr  charc^ter^’cticr.  of  nait'ral  microbial  populations  can  be  accomplished 
with  sequence  analysis  of  5S  rRNAs  [17.  It.).  M,..,.  recently,  fluorescent  dye-labeled 
oligonucleotide  probes  have  been  used  for  microscopic  identification  of  single  cells  and 
characterization  of  mixed  populations.  Polymerase  chain  reaction  amplification, 
comparative  sequencing  and  whole  cell  hybridization  have  been  combined  to  selectively 
identify  and  visualiz.e  sulfate-reducing  bacteria  both  in  established  and  developing 
mulli.,pecies  biofilms  (19). 

APS  reductase  is  an  intercellular  enzyme  found  in  all  SRB.  Briefly,  cells  are  washed 
to  remove  interfering  chemicals  including  hydrogen  sulfide  and  lysed  to  release  APS 
reductase.  The  lysed  sample  is  washed,  added  to  an  antibody  reagent  and  exposed  to  a 
color-developing  solution.  In  the  presence  of  APS  reductase,  a  blue  color  appears  within 
10  minutes.  The  degree  of  color  is  proportional  to  the  amount  of  enzyme  and  roughly 
to  the  number  of  cells  from  which  the  enzyme  was  extracted.  Similarly,  a  procedure  has 
been  developed  to  quantify  hydrogenase  from  SRB  that  requires  that  cells  be  concentrated 
by  filtration  from  water  samples  [12].  Solids,  including  corrosion  product  and  sludge, 
can  be  used  without  pretrealment.  The  sample  is  exposed  to  an  enzyme  for  1.*)  minutes 
and  placed  in  an  anaerobic  chamber  from  which  oxygen  is  removed  by  hydrogen.  The 
enzyme  reacts  with  excess  hydrogen  and  simultaneously  reduces  an  indicator  dye  in 
solution.  The  activity  of  the  hydrogenase  is  established  by  the  development  of  a  blue 
color  in  less  than  4  hours.  The  intensity  of  the  blue  color  is  proportional  to  the  rate  of 
hydrogen  uptake  by  the  enzyme.  The  technique  docs  not  alien. pi  to  estimate  specific 
numbers  of  SRB. 

Roszak  and  Colwell  [20)  reviewed  the  techniques  commonly  used  to  detect  microbial 
activities  in  natural  environments,  including  transformations  of  radiolahelled  metabolic 
precursors.  Phelps  et  al.  [21]  and  Mittciman  el  al.  (22)  used  uptake  or  transformation 
of  “‘‘C-labclIed  metabolic  precursors  to  examine  the  activities  of  sessile  bacteria  in 
natural  environmenl.s  and  in  laboratory  models.  Phelps  et  al.  [21]  used  a  variety  of 
'■‘C-labelled  compounds  to  quantify  catabolic  and  anabolic  bacterial  activities  associated 
with  corrosion  tubercles  in  natural  gas  transmission  pipelines.  They  demonstrated  that 
organic  acid  was  produced  from  Hj  and  CO,  in  natural  gas  by  acclogenic  bacteria,  and 
that  acidification  could  lead  to  enhanced  corrosion  of  the  steel.  Millelman  cl  al.  [22] 
used  measurement  of  lipid  biosynthesi.s  from  '''C-acetatc.  in  conjunction  with  measurements 
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of  microbial  biomass  and  extracellular  polymer,  to  study  the  effects  of  differential  fluid 
shear  on  the  physiology  and  mctabrriism  of  Alteromo/uis  (formerly  ficiukwiomts)  uitaniini. 
Increasing  shear  force  increased  the  rale  of  total  lipid  biosynthesis,  but  decreased  cell 
biosynthesis.  Increasing  fluid  shear  also  increased  cellular  biomass  and  greatly  increased 
the  ratio  of  extracellular  polymer  to  cellular  protein. 

Techniques  for  analyzing  microbial  metabolic  activity  at  localized  sites  are  also  being 
developed.  Franklin  el  al.  [23]  incubated  nicrobial  bionims  with  '^C-metabolic  precur¬ 
sors  and  then  autoradiographed  the  bioftlms  to  localize  biosynthetic  activity  on  corroding 
metal  surfaces.  The  localized  uptake  qf  the  labelled  compounds  was  related  to  localized 
electrochemical  activities  associated  with  corrosion  reactions. 

A  major  breakthrough  in  determining  bacterial  activity  within  biofilms  has  been  the 
use  of  “reporter"  genes  that  can  signal  when  the  activity  of  specific  metabolic  pathways 
are  induced.  King  et  al.  [24|  engineered  the  incorporation  of  a  promotorless  cassette  of 
lux  genes  into  specific  operons  of  Pseudomonas  so  that  these  operons  induce  biolunii- 
nescence  during  the  degradation  of  naphthalene.  Miltclman  el  al.  |25)  have  used  the 
bioluminescent  reporter  gene  to  provide  a  quantitative  measure  of  the  attachment  of 
these  organisms  onto  metal  and  glass  surfaces  in  a  laminar  flow  system.  They  found 
that  biofilm  light  production  as  directly  correlated  with  biofilm  cell  numbers  in  a 
range  of  lO'-lO’ cells  cm  ".  Using  reporter  genes.  Marshall  et  al.  [26)  demonstrated  that 
bacteria  immobilized  al  surfaces  exhibit  physiological  properties  that  are  not  found  in 
the  .same  organisms  in  the  aqueous  pha.se.  Some  genes  are  turned  on  at  a  solid  surface 
despite  not  being  expressed  in  liquid  or  on  solid  media.  It  is  also  likely  that  other  genes 
are  turned  off  at  surfaces.  They  have  identified  acid-  and  alkali-inducible  genes  in 
E.  coll.  Marshall  et  al.  [26|  further  demonstrated  gene  transfers  within  biofilms  even 
in  the  absence  of  any  imposed  selection  pressure. 

Rosser  and  Hamilton  [13).  with  subsequent  modifications  [14],  developed  a  test  tube 
technique  to  perform  a  ''S  sulfate  radiorespiromelric  assay  to  measure  SRB  metabolic 
activity  on  the  surface  of  metal  coupons  after  exposure  to  corrosive  environments.  The 
coupon  is  placed  into  anaerobic  filtered  sterile  seawater  containing  ’*S-sutfate.  Oxygen- 
free  zinc  acetate  is  immediately  injected  onto  an  enclo.sed  filter  paper  wick  and  the 
entire  system  is  incubated.  Oxygen-free  hydrochloric  acid  is  then  injected  past  the  wick 
into  the  solution.  Volatile  acid  sulfides,  including  any  formed,  are  trapped  during 
an  equilibration  period.  The  wick  is  removed  from  the  tube  and  the  radioactivity  is 
measured  by  using  a  liquid  scintillation  counter,  after  which  the  sulfate  reduction  rate 
is  calculated.  This  technique  has  been  used  for  both  bulk  and  coupon  samples. 

Bacteria  within  biofilms  arc  protected  from  antimicrobial  agents,  including  biocides. 
Bacteria  are  generally  resistant  to  50  to  500  limes  the  biocide  concentration  sufficient 
to  kill  planktonic  or  free  floating  cells  of  the  same  species.  Blenktnsopp  el  al.  [27] 
discovered  that  the  application  of  a  low  strength  electric  field  current  density  can  enhance 
the  efficacy  of  glutaraldehyde  to  such  an  extent  that  bacteria  within  a  biofilm  are  killed 
at  biocide  concentrations  lower  than  the  planktonic  minimum  inhibitory  concentration. 
This  enhanced  biocide  efficacy  in  the  presence  of  an  electric  field/curreni  density  has 
been  called  the  “bioelectric  effect.” 


Techniques  for  Identification  and  Measurement  of  MIC 

Electrochemical  Techniques 

Mansfeld  and  Little  [28]  recently  reviewed  electrochemical  techniques  applied  to  MIC 
studies  and  no  attempt  will  be  made  to  di.scuss  all  the  innovations  in  elccirochemical 
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techniques.  However,  two  nondestructive  electrochemical  techniques,  the  .scanniug  vibrating 
electrode  technique  (SVET)  and  electrochemical  impedance  spectroscopy  (EIS)  are  being 
used  in  several  laboratories  to  provide  unique  insights  into  mechanisms  Cor  MIC 

SVET  has  been  used  to  monitor  development  of  corrosion  and  changes  in  corrosion 
rate  [29 j.  More  recently  the  SVET  has  been  applied  to  MIC.  The  SVEl  uses  a  vibrating 
electrode  to  map  potential  fields  in  solution  over  anodic  and  cathodic  sites.  Corrosion 
currents  depend  on  polarization  characteristics  of  metal  surfaces.  The  vibrating  electrtxle 
converts  potential  fields  into  an  alternating  signal.  Franklin  et  al.  [30]  used  the  SVET 
to  localize  corrosion  on  carbon  steel  associated  with  MIC  and  to  demonstrate  a  spatial 
relationship  between  localized  corrosion  and  bacterial  cells.  They  demonstrated  that  in 
sterile,  continuously  stirred  media,  small  pits  initiated  on  steel  surfaces  and  subsequently 
repassivated.  Initiated  pits  remained  active  and  propagated  in  the  presence  of  biofilms. 
Pit  propagation  depended  on  the  presence  of  bacteria.  The  authors  were  careful  not  to 
conclude  that  bacterial  celts  caused  pits.  Instead,  bacterial  c»‘!ls  prevented  rcpassivation 
and  were  clearly  spatially  related  to  the  pits.  The  authors  did  propose  that  biofilms  may 
inhibit  migration  of  aggressive  ions  ^om  the  pits  or  migration  of  inhibiting  ions  from 
the  bulk  solution  into  pits.  The  sensitivity  and  the  resolution  of  the  SVET  art  deter¬ 
mined  by  the  distance  between  probe  and  metal  surface  in  addition  to  solution  conductivity. 
A  decrease  in  the  tip  diameter  increases  the  sensitivity  and  resolution  of  the  technique. 
However,  a  very  fine  tip  has  a  very  high  impedance  that  incrca.ses  the  eiccirocheniica) 
noise  and  dccrea.ses  the  response  time.  Resolution  also  depends  on  the  proximity  of  two 
corroding  sites  and  the  magnitude  of  the  corrosion  current  from  each  site. 

EIS  has  been  used  to  study  the  impedance  of  metal  samples  exposed  to  microbial 
biofilms  [31].  With  EIS  small  amplitude  sinusoidal  signals  over  a  frequency  range 
(10  kHz  to  S  mHz)  are  applied  to  metal  samples  and  the  amplitude  and  the  phase  shift 
of  the  resulting  sinusoidal  currents  are  measured.  Interfacial  impedance  can  be  modeled 
by  using  electrical  circuits  containing  resistors  and  capacitors  in  scries  and  in  parallel. 
The  spectra  of  responses  provide  information  associated  with  corrosion.  EIS  can  provide 
values  of  polarization  resistance  (which  is  inversely  .  roportional  to  the  corrosion  rate), 
double  layer  capacitance,  and  solution  resistance.  Using  EIS  data,  models  have  been 
prepared  for  localized  corrosion  and  three-dimensional  surface  deposits.  EIS  studies 
have  been  used  to  determine  the  impact  of  changes  in  community  structure  on  corrosion  of 
mild  steel.  Jack  used  a  flow-through  freshwater  aerobic  system  with  a  combination 
of  strict  aerobes,  facultative  anaerobes,  and  strict  anaerobes  to  show  that  specific 
combinations  of  bacteria  were  more  important  to  corrosion  than  total  numbers  of  any 
specific  cel]  type  [32j. 

Surface  Analytical  Techniques 

Nivens  et  al.  [33]  demonstrated  that  attenuated  total  reflectance  infrared  spectros¬ 
copy  (ATR-FT/IR)  can  be  used  to  detect  changes  in  sessile  microbial  biomass.  The 
ATR-FTAIR  studies  siiowed  that  changes  in  the  physiological  properties  of  the  attached 
bacteria  were  induced  by  changes  in  the  bulk  phase.  They  demonstrated  that  the  number 
of  attached  Caulobacter  sp.  was  directly  correlated  with  the  intensity  of  the  infrared 
amide  II  a.symmetrical  stretch  band  at  1543  cm'*,  corresponding  to  bacterial  protein. 
The  technique  was  sensitive  to  10*  bacteria  perem'^.  and  changes  in  the  physiological 
status  of  the  attached  bacteria  could  be  measured.  For  example,  production  of  the 
intracellular  storage  lipid,  poly-B  hydroxyalkanoate,  and  production  of  extracellular 
polymer,  were  monitored  by  absorbance  at  1730  cm'*  {C=0  stretch)  and  1084  cm'' 
(C-O  stretch),  respectively. 
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Geesey  et  al.  [34]  used  ATR-FT/IR  not  only  to  detect  biofilm  foimation,  but  also 
evaluated  nondestructively  in  real-time  interactions  of  bacteria  isolated  on  thin  films  of 
copper  evaporated  onto  germanium  internal  reflection  elements.  By  spuilercoating  a 
thin  film  of  copper  on  the  germanium  internal  reflectance  element,  they  were  able  to 
detect  changes  in  the  thickness  of  the  copper  films  by  observing  the  increase  in  inten¬ 
sity  of  the  infrared  water  absorption  band  at  1640  cm  '.The  authors  compared  copper 
loss  from  copper  thin  films  in  the  presence  of  bacteria  isolated  from  corroded  copper 
samples.  Different  rates  of  metal  loss  were  observed  in  two  cultures.  Using  this  tech¬ 
nique,  Jolley  et  al  !35]  observed  copper  loss  in  the  absence  of  hactcria  caused  by  the 
binding  by  bacterial  extracellular  polymer.  Differences  on  the  order  of  0.3  to  0.4  nm, 
the  equivalent  of  two  to  three  atomic  layers  of  copper  can  be  detected, 

Nivens  et  al.  (33]  investigated  the  use  of  the  quartz  cry.stal  microbalancc  (QCM),  a 
very  sensitive  mass-sensing  device,  for  detecting  attached  microbial  films.  The  QCM 
was  more  sensitive  to  changes  in  biomass  than  the  ATR-FT/IR.  with  a  detection  limit 
of  10“'  bacteria  cm  '  and  a  linear  range  of  at  least  two  orders  of  magnitude.  An  interesting 
aspect  of  both  the  ATR-FT/IR  and  the  QCM  is  that  substrata  of  both  techniques  can  be 
converted  to  electrodes  for  electrochemical  analyses  so  that  corrosion  information 
can  be  obtained  while  changes  in  microbial  biofilms  are  monitored. 

It  is  now  generally  recognized  that  biofilms  alter  biofilm/metal  interfacial  chemisiries. 
Direct  chemical  measurements  are  restricted  by  bioFilm  thickness  and  the  heterogeneous 
and  anisotropic  nature  of  biofilms  [36],  Ion-selective  and  gas-sensing  microelectrodes 
with  lip  diameters  less  than  10  pm  are  being  used  for  these  direct  measurements. 
Lewandowski  [36]  has  measured  dissolved  oxygen  profiles  in  a  continuous  flow  open- 
channel  reactor  with  a  mixed  biofilm  on  a  metal  surface.  Van  Houdl  et  al.  137]  developeu 
..  ■"'tged  iridium  oxide  pH  microelectrode  with  a  tip  diameter  in  the  range  of  3  to 
15  pm.  This  microelectrode  was  used  to  measure  a  pH  profile  across  a  mixed  population 
biofilm  on  a  polycarbonate  disc. 

An  in-situ  microtechnique  has  been  developed  for  evaluating  parameters  of  diffusion- 
controlled  reactions  in  biofilms  (38).  A  microprobe  15  pm  in  diameter  was  used  to 
simultaneously  measure  dissolved  oxygen  and  optical  density  at  different  depths  in  a 
submerged  biofilm.  The  diffusion  coefficient  for  dissolved  oxygen,  the  dissolved  oxygen 
flux,  and  the  half  velocity  coefficient  were  then  calculated. 

Nuclear  magnetic  resonance  imaging  (NMRl)  is  a  noninvasive  method  using 
radiofrequency  magnetic  fields  in  the  presence  of  a  strong  static  magnetic  field  to  l<“am 
from  an  assembly  of  specific  atomic  nuclei  about  concentration  and  physical  state  such 
as  flow  and  chemical  environment.  Lewandowski  et  al.  (39)  demonstrated  the  use  of 
NMRI  to  show  distribution  of  water,  flow  velocities,  and  biomass  in  a  biofilm/polycarbonate 
reactor  system. 

Recent  developments  in  image  analysis  systems  and  electron,  atomic,  and  laser 
microscopy  make  it  possible  to  image  biological  materials  in  the  hydrated  state.  Muellar 
et  al.  [40]  were  able  to  determine  rate  coefficients  for  early  bacterial  colonization  on 
copper,  silicon,  stainless  steel  and  glass  using  a  chemostat,  a  flow  cell  and  a  microscope 
equipped  with  an  image  analysis  system.  Reflective  substrata  were  monitored  using 
reflective  light  from  a  microscope  equipped  with  a  Nomarski  lens  and  microscope 
output  was  linked  to  a  video  camera.  Transmitted  light  was  used  for  transparent  surfaces. 
They  demonstrated  that  surface  roughness  and  surface  free  energy  correlated  positively 
with  biological  and  abiological  sorption  processes. 

Little  et  al.  [41]  used  environmental  scanning  electron  microscopy  (ESEM)  to  study 
biolilms,  comparing  results  to  those  seen  using  traditional  scanning  electron  micros 
copy  (.SEM).  ESEM  images  of  wet  estuarine  biofilms  on  stainless  steel  surfaces  indicated 
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a  gelatinous  layer  in  which  numerous  algae  were  located.  Many  microorganisms  prt>ducc 
extracellular  polymeric  acidic  polysaccharides  that  can  bind  and  precipitate  heavy  rnctals. 
The  estuarine  biofilm  on  stainless  steel  surfaces  accumulated  local  concentrations  of  Al, 
Ni,  and  Ti.  Dehydration  of  the  biofilm  with  solvents  is  required  in  sample  preparation 
for  SEM.  This  either  extracts  bound  metals  from  the  biofilm  by  ion  exchange/solvcni 
extraction  or  removes  the  metals  with  the  extracellular  polymeric  material.  The 
solvent  effects  cannot  be  separated  from  t  '.e  mechanical  disturbance  to  the  biofilms 
during  sample  manipulation. 

Laser  conlocai  microscopy  permits  one  to  create  three-dimensional  images,  see  sur¬ 
face  contour  in  minute  detail  and  accuiat<,I>  measure  critical  dimensions  by  mechanically 
scanning  the  object  with  laser  light  (42],  A  sharply  focused  image  of  a  single  horizontal 
plane  within  a  specimen  is  formed  while  light  from  out  of  focus  areas  is  repressed  from 
view.  The  process  is  repeated  again  and  again  at  precise  intervals  on  horizontal  planes 
and  the  visual  data  from  ail  images  are  compiled  to  create  a  single,  multidimensional 
view  of  the  subject.  Cecsey  (43 1  used  laser  confocal  microscopy  to  produce  three- 
dimensional  images  of  bacteria  within  scratches,  milling  lines  and  grain  boundaries. 

The  atomic  force  microscope  (AFM)  was  derived  from  the  scanning  tunneling  micro¬ 
scope  (STM).  The  STM  uses  an  atomically  sharp  conductive  lip  held  angstroms  from 
the  surface  in  order  to  profile  surface  features  with  angstrom  resolution.  When  the  tip 
is  electrically  biased  with  respect  to  the  sample  a  current  will  flow  between  the  surface 
atom  closest  to  the  tip  and  the  nearc.st  lip  atom  through  the  quantum  mechanical  process 
of  electron  tunneling.  Current  is  exponentially  sensitive  to  the  distance  between  the  tip 
and  the  sample.  A  piezoelectric  transducer  is  used  to  mechanically  rasler  scan  the 
tip  over  the  sample.  AFM  provides  exceptional  detail  and  allows  viewing  of  specimens 
in  the  hydrated  slate.  AFM  uses  a  scanning  probe  to  record  x,y,z  coordinates  of  a 
sample  in  fractions  of  a  nanometer.  Photodiode  electrical  outputs  mimic  sample  topography 
and  serve  as  the  basis  for  the  resulting  image.  AFM  images  of  copper  exposed  to 
bacterial  culture  medium  for  seven  days  showed  biofilms  distributed  heterogeneously 
across  the  surface  with  regard  to  both  cell  numbers  and  depth  (44).  Bacterial  ceils  were 
associated  with  pits  on  the  surface  of  the  copper  coupons. 

Conversion  of  metals  to  sulfides  by  SRB  has  been  studied  since  the  late  1800s  |45]. 
Baas-Becking  and  Moore  have  identified  mackinawile,  gregrite  and  smythite  as  indica¬ 
tors  for  SRB  corrosion  of  ferrous  metals  in  anaerobic  environments  [46J.  McNeil  et  al. 
analyzed  sulfide  mineral  deposits  on  copper  alloys  colonized  by  SRB  in  an  attempt  to 
identify  specific  mineralogies  that  could  be  used  to  fingerprint  SRB  activity  (47).  They 
concluded  that  the  formation  of  nonadherent  layers  of  chalcocite  fCujS)  and  the  presence 
of  hexagonal  chalcocite  were  indicators  of  SRB-induced  corrosion  of  copper.  The 
compounds  were  not  observed  abiotically  and  their  presence  in  near-surface  environ¬ 
ments  could  not  be  explained  thermodynamically. 

Sulfur  isotope  fractionation  was  demonstrated  by  Little  el  al,  in  sulfide  corrosion 
deposits  resulting  from  the  activities  of  SRB  within  biofilms  on  copper  surfaces  [48]. 
"S  accumulated  in  sulfide-rich  corrosion  products.  ’'"S  was  concentrated  in  the  residual 
sulfate  in  the  culture  medium.  Conventionally,  the  amplitude  of  each  isotope  is  not 
reported  individually,  but  a  ratio  is  established  and  compared  with  the  isotope  ratio  of 
a  standard  to  yield  a  value  8^‘'S,  expressed  as  parts  p<*r  thousand.  Negative  5*^S  values 
indicate  a  concentration  of  and  positive  values  indicate  an  accumulation  of  6’*S. 
Accumulation  of  the  tighter  isotope  was  related  to  surface  derivatization  or  corrosion 
as  measured  by  weight  loss.  Use  of  this  and  the  preceding  mineralogical  technique  to 
identify  SRB-related  corrosion  requires  sophisticated  laboratory  procedures. 
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Conclusion 

The  study  of  MIC  has  matured  into  a  recognized  multidisciplinary  research  area  in 
which  the  combined  approaches  of  electrochemists,  materials  scientists,  surface  chemists 
and  microbiologists  arc  providing  insight  into  complex  interactions  between  biofilms 
and  materials. 
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